This paper presents the parametric analysis conducted to derive the optimal dimensions of the steel sleeve necessary to secure the bond performance of the swaging type anchorage for CFRP tendon with diameter of 5 mm. To that goal, finite element analysis is performed on the parameters determining the dimensions of the sleeve like the thickness and inner diameters of the sleeve. The results show that a constant swaging pressure of about 450 MPa on the mean is distributed in the sleeve when the thickness ratio of the stress relief zone to the effective swaging zone of the sleeve is larger than 1.1 and that the swaging pressure tends to reduce linearly as much as this thickness ratio becomes smaller than 1.1. The pressure varies within a range of about 30% according to the change in the inner diameter of the sleeve whereas varies within a range less than 10% according to the change in the inner diameter when the thickness ratio is larger than 1.1. Finally, the optimal dimensions of the steel tube sleeve enabling to secure an anchor force larger than the rupture strength of the CFRP tendon with diameter of 5 mm are determined based upon the results of the parametric analysis.
Introduction
Recently, research has been actively conducted on the repair and strengthening of structures using carbon fiber-reinforced polymer (CFRP) material. Research is also performed on the improvement of the strengthening efficiency of the conventional method simply bonding sheet or bar-shaped reinforcement on the surface of the member by embedding the reinforcement near the surface (NSM, Near Surface Mounted) or by introducing a jacking force simultaneously to the NSM [1, 2] .
The methods adopted to anchor CFRP tendon can be classified into the wedge type, the bonded type and swaging type anchors. The wedge type anchorage generally adopted for anchoring PS steel wires or PS steel strands uses mechanical gearing through a wedge system which compresses the circumference of the tendon. The bonded type anchorage is a system which fills a steel pipe with expansive material or resin and secures its anchor performance by the bond force between the tendon and the filling material. The bonded type anchorage provokes lesser damage to the tendon than the wedge type and swaging type anchorages but presents the problem of becoming longer with larger sleeve since the anchor performance depends on the bond performance brought by the external shape and sheath of the tendon.
As shown in Figure 1 , the swaging type or compression type anchor applies a pressure on the outer circumference of the steel pipe (sleeve) to increase the friction on the circumference of the tendon. Unlike the bonded type, this type of anchor does not require a curing period for the filling material and enables to shorten the length of the sleeve by more than 33%. Jung et al. [3] evaluated the anchor performance of the swaging type anchor through an experimental study considering various parameters including the dimensions of the sleeve, and the eventual presence of insert. Their experimental results revealed that the anchor performance of the swaging type anchor varied according to the change in the swaging pressure itself depending on the inner and outer diameters of the sleeve. The authors reported also that the need was to mitigate the concentration of stress at the end of the sleeve by disposing a stress relief zone in order to prevent the rupture of the tendon at the end of the sleeve. These authors also reported that anchor performance reaching 94% of the rupture load of the tendon could be obtained in the case of an inner diameter of the sleeve of 12 mm for a 9.5 mm tendon, that the optimal length of the taper was 40 mm and that a constant swaging pressure should be secured over a length longer than 80 mm to obtain sufficient swaging pressure for the anchor.
In addition, Jung et al. [3] examined the variation of stress according to the change in the inner diameter of the sleeve through finite element analysis as shown in Figure 2 . This analysis enabled to state the existence of an adequate stress and of corresponding optimal dimensions of the sleeve to secure the tendon anchor performance.
This study focuses on the variation of swaging pressure according to the thickness of the sleeve for the swaging type anchor for CFRP bar with diameter of 5 mm. The distribution characteristics of the swaging pressure are examined with respect to the thickness ratio of the stress relief zone to the effective swaging zone through finite element analysis. Finally, the optimal dimensions of the sleeve enabling to obtain the appropriate pressure are derived to secure the bond force of the CFRP tendon.
Swaging Stress According to the Change
in the Sleeve Thickness t 0
Description of Analysis Model
The parametric analysis is performed using the finite element analysis software ABAQUS v.6.5. The steel pipe is modeled by means of planar axial symmetric model considering the symmetry of the pipe, and the dice is modeled as a rigid body. Loading is applied as shown in Figure 3 so as to push the rear face of the sleeve by displacement control up to 160 mm considering the fabrication method of the real swaging sleeve. This loading method enables to provoke swaging by gearing induced by friction with the CFRP tendon by generating the swaging deformation when penetrating the steel dice. At that time, the steel sleeve and the CFRP tendon are endowed with contact boundary conditions. In the contact boundary conditions, the coefficient of friction between the sleeve and the tendon is set conservatively to 0.15 referring to the value of 0.23 applied for the initial coefficient of friction between CFRP and the aluminum plate in a previous study [4] and considering the absence of studies dedicated to the coefficient of friction between the CFRP bar and the steel sleeve. Hard contact condition is adopted for the direction perpendicular to the contact surface. The boundary conditions are set so as to enable separation of the contact surface for the behavior in the perpendicular direction after contact. Note that the friction force between the dice and sleeve is neglected and attributed with frictionless conditions. The material properties of the CFRP tendon and steel sleeve are listed in Table 1 . Table 2 arranges the range of the parameters for the analysis and shows the analysis conditions for the evaluation of the variation in the swaging pressure with respect to the change in the thickness of the steel pipe sleeve. For the CFRP tendon with diameter of 5 mm, the inner diameter of the sleeve, the length of the stress relief zone and the effective swaging zone in Figure 4 are respectively set to 6.5 mm, 40 mm and 80 mm. The variation of the contact pressure developed inside the sleeve is evaluated by changing the thickness t 0 of the stress relief zone and the thickness t of the effective swaging zone. Especially, focus is done on the variation of the swaging pressure according to the ratio of the thickness of the steel sleeve to the thickness of the taper (t/t 0 ). The analysis intends to determine the thickness range enabling to minimize the concentration of stress occurring in the CFRP tendon and to obtain stable anchor effect.
Range of Parameters
In the analysis, the inner diameter of the dice is set with the value obtained by subtracting (d 1 -c) to the diameter d 2 so that the outer diameter of the sleeve penetrating the dice becomes fixed to t 0 and becomes bonded to the tendon. Figure 5 shows the change of the pressure distribution in the cross section during the analysis process. It appears that the pressure distribution in the sleeve exhibits constant size after completion of swaging. This study also performs comparative analysis of the mean pressure occurring in the effective swaging zone of the steel sleeve for each analysis model. Figure 6 compares the distribution of the pressure in the sleeve according to the increase of the thickness t of the effective swaging zone when the thickness of the steel pipe sleeve takes respective values of 4, 5, 6 and 7 mm. In Figure 6 , the lowest pressure distribution is observed the thickness ratio (t/t 0 ) has a very small value of 1.03. The variation in the pressure tends to increase according to the thickness ratio (t/t 0 ) when the thickness t 0 becomes larger. Figure 7 compares the mean pressure developed in the effective swaging zone according to the variation of the thickness (t 0 ) of the sleeve and thickness ratio (t/t 0 ). The variation of the pressure tends to widen according to the change in the thickness ratio for larger thickness of the sleeve. Figure 8 compares the maximum pressure according to the change in the thickness ratio for each considered sleeve thickness (t 0 ). It appears that the variation of the pressure is minimized for an arbitrary sleeve thickness when the thickness ratio is 1.10. In such case, the mean pressure developed in the sleeve runs around 450 MPa. It can thus be expected that a constant swaging pressure can be achieved if the thickness of the effective swaging zone t is decided to set the thickness ratio to 1.10 for an arbitrary sleeve thickness.
Analysis Results

Swaging Pressure According to the
Change in the Sleeve Inner Diameter (d 1 ) and Thickness Ratio (t/t 0 )
Range of Parameters
In order to investigate the swaging performance according to the variations of the inner diameter and thickness of the sleeve, the change in pressure is examined according to the variations of the inner diameter of the sleeve (d 1 ) and the thickness of the effective swaging zone (t) while fixing the values of the inner diameter of the dice to 16 mm and the thickness (t 0 ) of the steel pipe to 5.5 mm. The value of 5.5 mm for t 0 has been chosen to increase gradually the pressure in the stress relief zone without occurrence of swaging-induced pressure at the head when the dice with diameter of 16 mm is compressed during the penetration and to secure a constant pressure in the effective swaging zone. The thickness t of the effective swaging zone is decided to achieve a thickness ratio (t/t 0 ) ranging between 1.04 and 1.16. Three different values of 5.5, 6.1 and 6.5 mm are adopted for the inner diameter of the sleeve. Table 3 arranges the values of the parameters for each analysis model. 
Analysis Results
Figure 9 plots the distribution of the pressure developed in the sleeve according to the thickness ratio (t/t 0 ). It can be verified that the pressure increases progressively in the stress relief zone to exhibit a constant value in the effective swaging zone. Figure 10 compares the mean pressure developed in the effective swaging zone. It can be seen that the mean pressure tends to reduce linearly with the decrease of the thickness ratio when the thickness ratio is smaller than 1.1 and, the pressure keeps a constant value higher than approximately 440 MPa even if the thickness ratio increases when this ratio is larger than 1.1. The pressure according to varying inner diameter shows poor variation below about 10% when the thickness ratio is larger than 1.1 but exhibits increased variation as much as the thickness ratio reduces below 1.1. This difference in the pressure reaches a maximum of 30% when the thickness ratio is 1.04. 
Conclusions
This paper presented the results of a parametric analysis with the inner diameter (d 1 ) and the thickness ratio (t/t 0 ) of the steel pipe sleeve as parameters considering the prestressing reinforcement using a CFRP tendon with diameter of 5 mm. The results enabled to derive the following optimal dimensions of the sleeve achieving the required bond performance without occurrence of slip of the tendon in the sleeve.
(1) A constant pressure of approximately 450 MPa can be obtained in the effective swaging zone when the thickness ratio (t/t 0 ) of the sleeve is larger than 1.1. Since the pressure which is required to extrude the sleeve increases with larger thickness ratio, the optimal value of the thickness ratio appears to be 1.1 considering the efficiency of construction.
(2) Assuming a thickness ratio (t/t 0 ) of 1.1, the variation of the inner diameter of the sleeve is seen to affect the swaging pressure less than 10%. Accordingly, the optimal value of the inner diameter of the sleeve should be 5.5 mm to reduce the amount of steel and minimize the pressure during the extrusion.
(3) For a dice with diameter of 16 mm and a sleeve with thicknesses t 0 = 5.5 mm and t = 6.1 mm, and inner diameter d 1 = 5.5 mm, the effective swaging pressure developed in the sleeve takes value of about 440 MPa. The corresponding bond force is approximately 104 kN when the length of the effective swaging zone of the sleeve is 80 mm. This value represents about 1.5 times the rupture strength of 70 kN of the CFRP tendon with diameter of 5 mm and indicates that sufficient bond strength can be secured during prestressing. In order to obtain a bond force comparable to the rupture strength of the CFRP tendon, the length of the effective swaging zone should run around 67.5 mm. The application of a sleeve presenting a longer length of the effective swaging zone will thus achieve sufficient bond performance. Figure 11 illustrates the optimal dimensions of the waging type sleeve based upon these requirements and s enables to secure the bond performance of the CFRP tendon with diameter of 5 mm.
It should be noted that the optimal dimensions of the sleeve derived in this study include uncertainties on the actual bond behavior like the assumption of a conservative coefficient of friction between the steel sleeve and the CFRP tendon. The need is thus to verify the bond performance in the future by performing pull out tests based upon the dimensions of the sleeve derived in this study and to examine their site applicability.
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